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Abstract
Activation and nuclear translocation of mitogen activated protein (MAP) kinases in ethanol-treated embryonic liver cells
(BNLCL2) was investigated. The relative amount of MAPK proteins, MAP kinase activity and MAPK/LDH (lactate
dehydrogenase) ratios were determined in nuclear and cytosolic fractions before and after serum stimulation. In ethanol-
treated cells, serum-stimulated MAPK activation was potentiated in both cytosolic and nuclear fractions. Levels of both the
p42 and p44 MAPK proteins increased in nuclear fractions from cells treated with ethanol alone for 24 h. Serum-stimulated
nuclear translocation of both p42 and p44 MAPK was potentiated in ethanol-treated cells. Nuclear fractions from ethanol-
treated cells had a modest increase in MAP kinase activity concurrent with the increased MAPK protein levels. The ratio of
MAPK/LDH increased in nuclear fractions with increasing concentrations of ethanol and after serum stimulation. This
further confirmed the nuclear translocation of MAPK and also demonstrated that it is not a non-specific effect of ethanol.
These results demonstrate, for the first time, that in BNLCL2 liver cells ethanol treatment has dual effects. First, ethanol
triggered nuclear translocation of MAPK without causing its activation. Second, it potentiated serum-stimulated activation
and translocation of MAPK in the nucleus. These findings provide a novel mechanism through which ethanol may affect
cellular and nuclear processes in liver cells. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Mitogen-activated protein kinases (MAPK) play
an important role in the complex signaling network
[1]. MAP kinases are activated by phosphorylation
on Tyr and Thr residues [2,3] by dual speci¢city ki-
nase, MAP kinase kinase (MEK) [4]. MEK is acti-
vated by upstream kinases Raf-1 or its homologues.
These, in turn, are activated through both Ras-de-
pendent and -independent mechanisms by upstream
components which include receptor and non-receptor
protein tyrosine kinases, G-protein-coupled recep-
tors, and protein kinase C [5^7]. MAPKs upon acti-
vation phosphorylate substrates located in various
subcellular compartments including the nucleus
where they phosphorylate transcription factors in-
cluding c-myc, c-jun, c-fos, and Elk-1 involved in
cell growth and di¡erentiation [8,9]. The spatial sep-
aration of MAPKs and their nuclear substrates sug-
gests that MAP kinases translocate to the nucleus.
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Alvarez et al. [10] ¢rst reported the presence of
MAPK in both cytoplasm and nucleus. Later,
Chen et al. [11] showed that in HeLa cells, p42 and
p44 MAPK are translocated to the nucleus within
10 min after stimulation with serum. In quiescent
hamster ¢broblasts, MAPK and its activator MEK
are largely cytoplasmic in location. However, upon
stimulation with mitogenic agents, only MAPK is
translocated to the nucleus, but not MEK. The
non-mitogenic agents failed to cause nuclear trans-
location demonstrating that nuclear translocation of
MAPK is required for the cell proliferation in these
cells [12]. In PC12 cells (rat adrenal pheochromocy-
toma cells), both NGF and EGF activate MAPK,
but nuclear translocation of MAPK is seen only in
NGF-stimulated cells [13]. In these cells, NGF and
EGF activate MAPK with di¡erent kinetics and may
account for the opposite actions of NGF and EGF
which induce di¡erentiation and mitogenic activity,
respectively. Sustained activation of MAPK by insu-
lin was shown to be su⁄cient to induce di¡erentia-
tion in PC12 cells over expressing insulin receptors
[14]. These studies indicated that di¡erences between
the kinetics and level of activation by growth factors
may be involved in the diverse action of MAPK in a
given cell. These results also demonstrated that trans-
location of MAPK to the nucleus is necessary for its
physiological function.
Translocation to new subcellular sites upon activa-
tion is emerging as an important mechanism to reg-
ulate the physiological function of the Ser/Thr ki-
nases [15]. Targeting of kinases to speci¢c
subcellular compartments not only provides access
to the substrates, but also helps to maintain the spe-
ci¢city of the kinases. Ethanol modulates signal
transduction processes [16^19] and thereby regulates
the activity and function of several kinases including
MAPK. However, it is not known whether ethanol
regulates translocation of MAPK to the nucleus
which is necessary for the regulation of cell growth
and di¡erentiation. We have recently shown that in
mouse embryonic liver cells (BNLCL2) ethanol po-
tentiated the serum stimulation of p42 and p44
MAPK [20]. However, ethanol by itself did not acti-
vate MAPK. In these cells, potentiation by ethanol
involves pertussis toxin sensitive G-proteins. In a
neuronal cell line (PC12), it was shown that ethanol
potentiates the NGF stimulated MAPK activation
and PKC isoforms N and O, have been implicated in
the potentiation by ethanol [21]. The potentiation of
MAPK activation by ethanol highlights a new mo-
lecular mechanism for the e¡ect of ethanol. We have
now determined the consequences of ethanol treat-
ment on the nuclear translocation of MAPK in em-
bryonic liver cells (BNLCL2) and results of such an
investigation are presented in this paper.
2. Materials and methods
2.1. Cell culture
Mouse embryonic liver cells (BNLCL2), obtained
from American Type Culture Collection (ATCC
T1B73), were grown and treated with ethanol as de-
scribed earlier [20].
2.2. Preparation of cytoplasmic and nuclear extracts
BNLCL2 cells grown in 150-mm dishes were se-
rum starved in the absence or the presence of 0.2 M
ethanol for 24 h and stimulated with 10% serum for
5 min at 37‡C. The cells were lysed and the lysates
were fractionated into cytoplasmic and nuclear frac-
tions as described by Chen et al. [11] with some
modi¢cations. Brie£y, the cells were swollen in hypo-
tonic lysis bu¡er (HLB) containing 20 mM HEPES,
pH 7.4, 10 mM L-glycerophosphate, 1 mM EDTA,
1 mM EGTA, 1 mM Na-orthovanadate, 2 mM
MgCl2, 10 mM KCl, 1 mM DTT, 1 mM PMSF,
1 mM benzamidine, and 10 Wg/ml each of aprotinin
and leupeptin for 15 min at 4‡C and lysed with about
50 strokes in a dounce homogenizer. The cell lysates
were centrifuged for 10 min at 1600Ug on 1 ml of
1 M sucrose cushion at 4‡C. The nuclear pellet was
resuspended in 1 ml of HLB, dounce homogenized
again using about 20 strokes and centrifuged on su-
crose cushion for 5 min. The cytoplasmic fraction
obtained in the ¢rst step was combined with the
supernatant obtained in the second centrifugation
step, centrifuged at 150 000Ug and supernatant was
used as cytoplasmic fraction. The nuclear pellet from
the second centrifugation step was resuspended in
0.5 ml of HLB and lysed either by sonication for
20 s or by adding SDS to 1% and boiling for 5 min.
The sonicated nuclei were centrifuged at 12 000Ug
BBAMCR 14644 6-7-00
M.A. Reddy, S.D. Shukla / Biochimica et Biophysica Acta 1497 (2000) 271^278272
for 10 min and the supernatant was used as sonicated
nuclear extract. The nuclei lysed with SDS were son-
icated for 5 s to reduce the viscosity and used as
denatured extract. Protein concentration was deter-
mined using BCA reagent (Sigma). Lactate dehydro-
genase (LDH) activity of nuclear fractions was deter-
mined using a kit from Sigma, to monitor the
cytoplasmic contamination. The LDH activity of nu-
clear fractions was very low showing that they are
free of cytoplasmic contamination.
2.3. MAP kinase activity
Cytosolic and nuclear extracts (30 Wg each) were
fractionated on 10% SDS^polyacrylamide gels con-
taining myelin basic protein and kinase activity of
renatured proteins was determined by in-gel kinase
assay as described earlier [20]. Values are represented
as fold stimulation over control where control value
was taken as one.
2.4. Western blotting
The cytosolic fractions or the nuclear fractions
(30 Wg protein) were combined with equal volume
of 2ULaemmli sample bu¡er and fractionated on
10% SDS-polyacrylamide gels. The proteins from
the gel were blotted onto Immobilon-P (Millipore)
transfer membrane and the blot was blocked with
3% BSA in TBST (25 mM Tris, pH 7.4, 150 mM
NaCl, and 0.1% Tween-20) at 4‡C overnight. The
blot was incubated with TBST containing 1:5000-
fold diluted anti-mouse MAPK monoclonal antibody
(Zymed, San Francisco, CA), which recognizes both
p42/p44 MAPKs, for 1 h at room temperature. The
blot was washed with TBST and incubated with
1:3000 fold diluted horseradish peroxidase conju-
gated rabbit anti-mouse secondary antibody (Bio-
Rad, Hercules, CA) for 1 h at room temperature
and washed four times with TBST at room temper-
ature. The blots were then treated with enhanced
chemiluminescence reagent Super Signal (Pierce,
Rockford, IL) for 1 min at room temperature and
bands were visualized by exposure to Re£ection
X-ray ¢lm (DuPont-NEN, Boston, MA). The inten-
sity of protein bands from multiple exposures was
quantitated using an Enhanced Laser Densitometer
(Ultrascan XL, Pharmacia, Uppsala, Sweden).
3. Results
3.1. MAPK activity in cytoplasmic fractions
It has been demonstrated that ethanol treatment of
BNLCL2 cells potentiates serum-stimulated MAPK
activation determined in whole cell extracts [20].
From these studies, it was not clear whether poten-
tiation of MAPK activation was limited to cytosol or
whether ethanol treatment a¡ected nuclear MAPK
activity and translocation of MAPK into the nucleus.
In order to investigate this issue, con£uent BNLCL2
cells were serum starved in the absence (control cells)
or the presence of 0.2M ethanol (ethanol-treated
cells) in DMEM containing 0.1% FBS for 24 h.
Ethanol potentiated MAPK activity under these con-
ditions [20]. Both control and ethanol-treated cells
were stimulated with serum (10% FBS) for 5 min
and cytoplasmic and nuclear extracts were prepared
as described in Section 2. MAPK activity of cyto-
plasmic extracts was assayed by in-gel kinase assay
using MBP as the substrate as described in the Sec-
tion 2. A recombinant p42 MAPK protein activated
in vitro was included in the gel as a positive control
(lane 1, Fig. 1A). The kinase activity of p42 and p44
MAPK was determined by densitometric scanning of
the autoradiograms (Fig. 1A) and the results were
expressed as fold over control cells stimulated with
medium alone. As shown in Fig. 1B, serum-stimu-
lated p42 MAPK activity by 6- and 9-fold in control
and ethanol-treated cells, respectively. The activity of
p44 MAPK was stimulated by 10 and 14 fold in
control and ethanol-stimulated cells, respectively.
Thus, ethanol potentiated the serum-stimulated p42
and p44 MAPK activity present in cytoplasmic frac-
tion.
The cytoplasmic extracts were subjected to West-
ern blotting and the blots were probed with MAPK
monoclonal antibody, which recognizes both p42 and
p44 isoforms, to detect the levels of MAPK. The
blots were developed by enhanced chemilumines-
cence and the relative MAPK protein levels were
determined by densitometric scanning of the lumino-
grams. The levels of p42 and p44 MAPK proteins
did not show any change in the cytoplasmic extracts
of both unstimulated and serum-stimulated control
and ethanol-treated cells (Fig. 1C). Since cellular
MAPK is predominantly located in cytoplasm and
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only a small fraction of cytosolic MAPK is trans-
located to the nucleus after serum stimulation, it
may be technically di⁄cult to detect a decrease in
cytosolic MAPK by western blotting. However, an
increase in nuclear MAPK was clearly observed as
described below.
3.2. Nuclear translocation of MAPK
The e¡ect of ethanol on nuclear translocation of
MAPK was investigated by three di¡erent methods:
(a) in-gel kinase assay of MAPK in nuclear extracts
to detect changes in kinase activity; (b) Western blot-
ting of nuclear extracts to determine relative amounts
of MAPK protein levels; and (c) monitoring of
MAPK/LDH ratio. The results are described below.
3.2.1. MAPK activity
The kinase activity was determined by in-gel ki-
nase assay of denatured nuclear extracts. Autoradio-
Fig. 1. MAP kinase activity of cytosolic extracts. BNLCL2 cells (in triplicate) were serum starved with or without 0.2 M ethanol for
24 h, stimulated with FBS (10%) for 5 min and the cell lysates were fractionated into cytosolic and nuclear fractions as described in
Section 2. Equal amounts of cytosolic extracts (30 Wg of protein) was assayed for MAPK activity by in-gel kinase assay using MBP
as substrate according to Reddy and Shukla [20]. The intensity of phosphorylated MBP bands at the 42- and 44- kDa position was
quantitated using Enhanced Laser Densitometer (Ultroscan X, Pharmcia-LKB) and the results were expressed as fold stimulation over
control cells. (A) Autoradiogram of in-gel kinase assay performed with cytosolic extracts of BNLCL2 cells before (lanes 2 and 4) and
after (lanes 3 and 5) stimulation with serum. The signs 3 and + above the lanes indicates control cells and ethanol-treated cells, re-
spectively. Lane 1 contained recombinant p42 MAPK (New England Biolabs) activated in vitro. (B) Quantitation of p42 and p44
MAPK activity using densitometry. Values are mean þ S.D. (bars), n = 3. P values for FBS versus FBS+ethanol were 0.007 for p42
and 0.030 for p44 MAPK and were obtained using the Sigma Stat program (paired t-test). (C) Luminograms of Western blot of cyto-
solic extracts after probing with MAPK monoclonal antibody. The cytosolic extracts of unstimulated (lanes 1 and 3) or serum-stimu-
lated (lanes 2 and 4) cells are shown. The 3 and + signs above the lanes indicate cells treated without or with ethanol, respectively.
The cytosolic extracts (20 Wg each) were fractionated on 10% SDS^PAGE gels, transferred to PVDF membranes, probed with MAPK
antibody which recognizes both p42 and p44 MAPK isoforms and bands were visualized by ECL as described in Section 2. The densi-
tometric scanning of p42/p44 bands did not reveal any di¡erence in the intensity of bands.
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gram of the gel is shown in Fig. 2A. The intensity of
phosphorylated MBP corresponding to p44 and p42
MAPK bands was measured by laser scanning densi-
tometry and the results were expressed as fold stim-
ulation over control cells. As shown in Fig. 2B, basal
activity of p42 and p44 MAPK in ethanol-treated
cells was 1.2- and 1.6-fold higher than control cells
before stimulation. Serum-stimulated p42 MAPK by
5- and 9-fold in control and ethanol-treated cells,
respectively, whereas p44 MAPK activity was stimu-
lated by 10 and 18 fold in control and ethanol-
treated cells, respectively. Therefore, ethanol treat-
ment signi¢cantly potentiated serum-stimulated
MAPK activity in both cytoplasmic and nuclear frac-
tions (Fig. 2B). In these experiments, though serum
di¡erentially activated p42 and p44 MAPK, ethanol
potentiated the activity of both isoforms to the same
extent. Several kinases in the high molecular weight
region phosphorylated MBP and their activity was
not a¡ected by serum stimulation.
3.2.2. Western blotting
The nuclear extracts were subjected to Western
blotting and the blots were probed with MAPK
Fig. 2. Ethanol potentiates serum-stimulated MAPK activity in nuclear extracts. (A) Autoradiogram of the in-gel kinase assay per-
formed with nuclear extracts from BNLCL2 cells before (lanes 1 and 3) and after (lanes 2 and 4) serum stimulation. The control and
ethanol-treated cells were indicated by 3 and + signs above the lanes. Stimulation with serum, preparation of nuclear extracts and in-
gel kinase assay was performed as described in legend to Fig. 1. (B) Activity of nuclear p42 and p44 MAPK. Intensity of phosphory-
lated MBP at 42- and 44-kDa positions was quantitated using laser densitometer as described in Section 2. Values represent
mean þ S.D. (bars) for three experiments and were signi¢cantly di¡erent. P values for FBS versus FBS+ethanol were 0.011 for p42
and 0.004 for p44 MAPK.
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monoclonal antibody. The intensity of both p42 and
p44 bands on the luminograms (Fig. 3A) was quan-
titated by densitometry and the results are shown in
Fig. 3B. When compared to control cells, the amount
of p42 and p44 MAPK increased by 2- and 1.5-fold,
respectively, in ethanol-treated cells. After serum
stimulation, the levels of p42 MAPK increased by
4- and 6-fold in control and ethanol-treated cells,
respectively. Serum stimulation also increased the
p44 MAPK levels by 4- and 5-fold in control and
ethanol-treated cells, respectively. These di¡erences
were statistically signi¢cant (Fig. 3B). The increase
in kinase activity observed in nuclear fractions
from ethanol-treated cells (see (a) above) correlated
with the increased MAPK protein levels. It therefore
follows that ethanol itself did not activate MAPK in
the nucleus. These results demonstrate that treatment
of cells with ethanol had dual e¡ects on MAPK.
First, treatment of cells with ethanol alone for 24 h
triggered nuclear translocation of MAPK. Second,
ethanol treatment caused potentiation of serum-
stimulated nuclear translocation of MAPK.
3.2.3. MAPK/LDH ratio in cytosolic and nuclear
fractions at di¡erent doses of ethanol
In order to demonstrate the selectivity of MAPK
nuclear translocation we determined activities of
both MAPK and of lactate dehydrogenase (LDH),
a well-established cytoplasmic marker, in nuclear and
cytosolic fractions. The ratios of the MAPK/LDH
Fig. 3. Ethanol increases nuclear MAPK protein levels. (A) Luminograms of Western blots of nuclear extracts showing MAPK pro-
tein levels. Nuclear extracts from unstimulated (lanes 1 and 2) and serum-stimulated (lanes 3 and 4) BNLCL2 cells were used to deter-
mine the MAPK protein levels. Control and ethanol-treated cells are indicated by signs 3 and +, respectively, above the lanes. Treat-
ment with ethanol, stimulation with serum and subcellular fractionation were as described in legend to Fig. 1. Western blotting was
performed as described in the legend to Fig. 2. (B) Quantitation of p42 and p44 MAPK proteins. Intensity of the bands correspond-
ing to p42 and p44 MAPK were quantitated by densitometric scanning and the results are expressed as fold increase over control.
Values are mean þ S.D. (bars), n = 3. P values for control versus ethanol were 0.003 for p42 and 0.003 for p44. P values for FBS ver-
sus FBS+ethanol were 0.006 and 0.035 for p42 and p44, respectively.
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were monitored (see Fig. 4) in BNLCL2 cells exposed
to di¡erent concentrations of ethanol for 24 h and
stimulated with FBS as in Fig. 1. It was observed
that with increased ethanol concentrations, this ratio
remained low and the same for cytosolic fractions.
Serum increased MAPK and hence an increase in the
ratio was seen in cytosolic fractions. Since the LDH
activity was extremely high in cytosol, the ratios
showed expected low values. The most dramatic
changes were in nuclear fractions. Here, the LDH
levels were negligible, yet detectable. In this case,
serum stimulation caused an ethanol dose-dependent
increase in MAPK/LDH ratio. Ethanol alone slightly
increased the ratio, but in serum-stimulated cell-nu-
clear fractions there was an increase in the ratio (Fig.
4) concomitant with increasing concentrations of
ethanol. These results demonstrated that ethanol po-
tentiated MAPK translocation into nucleus and that
it was selective since the cytosolic protein LDH did
not change under these treatments. If this e¡ect of
ethanol was non-speci¢c and merely due to ethanol’s
e¡ect on the membrane permeability changes, then it
was our expectation that the MAPK/LDH ratio
would remain the same under various incubation
conditions. This clearly did not occur and therefore
strengthens the conclusion that ethanol treatment in-
creased MAPK translocation into the nucleus.
4. Discussion
This is the ¢rst report demonstrating the nuclear
activation and translocation of MAPK by ethanol in
liver cells stimulated with serum (see also [28]). The
nuclear translocation of MAPK by ethanol was not
due to changes in the osmotic concentration of the
medium. When the osmolality of the DMEM and
DMEM containing 0.2 M ethanol was measured us-
ing a vapor pressure osmometer, both had a similar
value of 320 mmol/kg. Alteration in membrane per-
meability by ethanol is also ruled out since the Try-
pan blue was not taken up in ethanol-treated cells. In
addition, there was no leakage of LDH activity into
the medium after ethanol treatment. This shows that
plasma membrane integrity was not altered. The re-
sults obtained using biochemical approaches clearly
demonstrated that ethanol induced nuclear translo-
cation of MAPK in liver cells. It was also demon-
strated that ethanol treatment potentiated the serum-
stimulated activation and translocation of MAPK
into the nucleus. Though ethanol does not activate
MAPK activity by itself [20], it triggered its nuclear
translocation. Earlier it was shown by others that a
mutant MAPK (T192A and Y194F), which cannot
be activated by MEK can still translocate to the
nucleus [12]. This suggested that nuclear transloca-
tion of MAPK is independent of its activation. Since
the MAPK protein levels in whole cell lysates of
control and ethanol-treated cells were similar (Fig.
1C, [20]), it is unlikely that increases observed in
nuclear MAPK protein levels are due to up-regula-
tion of MAPK expression by ethanol. Increases in
the ratio of MAPK to LDH (a cytosolic protein) in
the nuclear fractions obtained after ethanol and se-
rum treatments further con¢rmed that the nuclear
translocation occurred in a selective manner. The
ratio increased with increasing concentration of etha-
nol, establishing that ethanol e¡ect is not non-specif-
ic.
Translocation to new subcellular sites is not lim-
ited to MAPK. Other serine/threonine kinases in-
cluding PKA, L-ARK, PKC and Raf-1 have been
shown to share this property [15]. Recent results
demonstrated that two groups of proteins called an-
choring proteins and sca¡olding proteins are in-
volved in targeting of Ser/Thr kinases to subcellular
sites [23]. At present, identity of anchoring proteins
Fig. 4. Nuclear and cytosolic MAPK/LDH ratio at di¡erent
concentrations of ethanol. Cells were treated with di¡erent con-
centrations of ethanol for 24 h, and stimulated with FBS and
subsequently the cytosolic (C) and nuclear (N) fractions were
isolated (see Section 2 and Fig. 1). Activities of MAPK and
lactate dehydrogenase (LDH) were determined in these frac-
tions. For either of these assays, the same amount of protein
was used for activity determinations in various samples and
were then compared. The ratio values represent MAPK activity
(dpm/mg protein) divided by LDH activity (U/mg) U1033. The
results from one of three similar experiments are shown.
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or sca¡olding proteins of mammalian MAPK is un-
known. In yeast, Ste5 acts as a sca¡olding protein
and helps to keep MAPK, MEK, MEKK together in
cytoplasm prior to activation [24]. Similar proteins
have not been identi¢ed in mammalian systems.
Since MAPK pathways in mammalian cells share
many features with yeast systems, similar proteins
might exist in mammalian cells. It is possible that
ethanol may act at the level of anchoring/sca¡olding
proteins to trigger nuclear translocation of MAPK
without stimulation. Another e¡ect of ethanol on
MAPK is potentiation of serum-stimulated activa-
tion. Although serum-stimulated p42 and p44
MAPK to di¡erent degrees, ethanol potentiated acti-
vation of both isoforms to similar extent. This sug-
gests that the site of ethanol action lies upstream of
MAPK in signalling cascade activated by serum.
There are many steps at which ethanol can a¡ect
MAPK activation including G-proteins, tyrosine ki-
nases, Ras, Raf-1, and MEK.
In summary, we have demonstrated that potentia-
tion of serum-stimulated MAPK activity by ethanol
takes place in both cytoplasmic and nuclear frac-
tions. More importantly, ethanol itself triggered nu-
clear translocation of MAPK without activation. The
MAPK translocated by ethanol can be activated by
other nuclear kinases or it may inhibit the function
of activated kinases by competing for the substrates
in the nucleus. The quantitative changes in the
MAPK activation has been shown to cause qualita-
tive di¡erences in cellular and nuclear responses in
other cell types [22,25]. Hepatocytes respond to liver
injury by producing acute phase proteins [26] and
cytokines [19,27]. Modulation of MAPK activation
and its tra⁄cking into the nucleus by ethanol may
cause changes in the expression of e.g. acute phase
proteins, cytokines, and other mediators leading to
alcohol-induced liver pathogenesis.
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